ABSTRACT The adsorption of benzo(a)pyrene (BaP) on to three types of asbestos (chrysotile antophyllite, and amosite) and three types of manmade mineral fibres (MMMF) (rock wool, slag wool, and glass wool) in a physiological water solution was studied. Adsorption was determined from the decrease in the liquid concentration ofBaP on the addition ofthe solid material. Results show that all the fibres weakly adsorb BaP, approximately within the same order of magnitude. The combined adsorption of BaP and phosphatidylcholine (PC) on to chrysotile and amosite asbestos and on to rock wool in aqueous solution was also studied. PC, one of the major constituents in lung surfactant, forms a separate lipid phase in water consisting of micellar liposomes or lipid bilayers. A decrease in the liquid concentration of PC was found when any of the three materials was added, indicating adsorption ofthe lipid phase on to the fibres. A coincident decrease in the liquid concentration of BaP was also found indicating that BaP is readily solubilised in PC and will accompany the adsorption of this compound on to the fibres. Owing to the high lipid aqueous partition coefficient of BaP, it is concluded that the direct adsorption of BaP on to the fibres will be negligible when PC is present in the system even at low concentrations. Phospholipid adsorption by the fibres and not their direct adsorption of aromatic hydrocarbons should therefore be the crucial parameter for this indirect interaction between fibres and aromatic hydrocarbons.
Exposure to asbestos and tobacco smoking have a synergistic effect on the risk of lung cancer.' One hypothesis to explain this synergistic effect is that carcinogenic compounds in the tobacco smoke, in particular polycyclic aromatic hydrocarbons (PAHs), are adsorbed on to the surfaces of the asbestos fibres. This should increase both the retention time and the carcinogenic action of these substances in the lung. 2 There is some concern that the same effect may occur with manmade mineral fibres (MMMF) that are now replacing asbestos in many areas. Apparently this adsorption can occur either in the ambient air as a gas phase process or after inhalation, preferably in the liquid phase of the extracellular lining layer of the lung. We have measured the adsorption of aromatic hydrocarbons on to asbestos and MMMF in the gas phase and have found it to be rather weak at typical ambient air concentrations (P Gerde, P Scholander, IARC Conference 1987). This paper deals only with liquid phase adsorption. Iffibres and PAHs, adsorbed Accepted 10 March 1988 on to their typical carrier particles, are transported independently into the lung then the most plausible location for an interaction is in the lining layer of the bronchial tree. It is here that both agents have their densest deposition after inhalation,34 and most lung cancers connected with smoking and exposure to asbestos are of bronchial origin. ' The main composition of the bronchial lining layer has been reported to be 2-3% mucus glycoproteins, 03-0 5% lipids, 0-1-O-5% proteins, and about 95% water.5 Recent investigations have shown that the lipids constitute a continuous layer on top of the lining layer from the alveolar region up to the trachea. 6 Moreover, the lipids either form separate laminar layers or are dispersed as micellar liposomes within the aqueous phase. Owing to the great difference in the solubilities of PAHs between these two phases, this heterogeneity of the bronchial lining layer has to be considered. PAHs have low solubilities in water' but high solubilities in lipid phases.8 Dissolved in such a heterogeneous medium PAHs will solubilise into the lipid phases and give extremely low aqueous concen-Adsorption ofbenzo(a)pyrene on to mineralfibres in aqueous solution trations.9 After deposition ofthe carrier particles in the lining layer two transport processes connected in series may be ofgreat importance to the in vivo behaviour of PAHs. The first process is the release of PAHs from their carrier particles and the second is the penetration of the hydrocarbons through the lining layer into the epithelium below. The traditional view is that a slow release ofPAHs from their carrier particles is followed by a rapid absorption by alveolar macrophages or by the bronchial epithelium. This would give low liquid concentrations of PAHs in the lining layer. The lipid aqueous heterogeneity of the bronchial lining layer, however, reduces the rate of penetration of lipophilic substances such as PAHs more than a purely aqueous barrier would do.'" Furthermore, in addition to a PAH fraction firmly bound to the surface of carbonaceous particles, there is a reversibly bound PAH fraction both on carbonaceous" and on mineral particles (P Gerde, P Scholander, IARC Conference 1987). This latter PAH fraction is likely to be released in a sharp pulse during deposition in the bronchial lining layer. Taken together these two effects suggest that a rapid release of PAHs from their carrier particles followed by a slow penetration into the bronchial epithelium results in high liquid PAH concentrations in the lining layer. PAHs are subsequently removed from the lung through various clearance mechanisms and metabolic degradation as shown both in animal experiments'2 and in necropsies. '3 A hypothetical interaction between inhaled mineral fibres and PAHs should therefore be looked for in the bronchial lining layer since this process would occur between the fibres and the dissolved fraction of PAHs. The equilibrium liquid adsorption is then a parameter of great importance.
The adsorption of PAHs, mostly BaP, on to asbestos fibres in various organic solvents,'"'7 the adsorption of BaP on to different mineral fibres in aqueous solution at one liquid concentration,'8 and the rate of mass transfer of BaP, precoated on to various particulates including asbestos fibres, to an aqueous suspension of phospholipid vesicles have been studied.'9 The starting point of the latter experiment, precipitation of PAHs especially on to mineral fibres, has been criticised as being unnatural.' This criticism seems justified in view of the rather weak adsorption obtained with PAHs on to mineral fibres in a humid gas phase (P Gerde, P Scholander, IARC Conference 1987). Also, owing to the low gas phase concentrations of PAHs in the ambient air, adsorption before inhalation would be so slow that these PAHs are unlikely to come from the smoker's own smoke. Consequently, adsorption in the ambient air would give the smoker as well as the non-smoker roughly the same fibre-borne dose of PAHs. The reverse process would therefore be of greater interest-that is, the release of the PAHs from their original carrier particles in the lung followed by their transfer via solution on to the mineral fibres. The adsorption equilibrium of PAHs between the mineral fibres and the surrounding solution would indicate the probability that such a transport process occurs at all. The phospholipid fraction of lung surfactant has a strong affinity for asbestos fibres.2' 22 The phospholipids are adsorbed in continuous bilayers along the fibres with their hydrocarbon tails towards each other and their polar heads directed towards both the fibre surface and the aqueous solution.2' It is doubtful whether this is to be regarded as a true adsorption, however. For materials similar to asbestos, such as oxidised silicone, the function of the surface has been described as constituting a solid support for the lipid bilayer.23 There is also a film of water, one or a few molecules thick, between the solid surface and the lipid bilayer. The physical nature of these supported phospholipid bilayers is similar to that of bilayers of the free micellar liposomes. There are three phases involved when mineral fibres are stirred up in a suspension ofphospholipids in water and there should be interfacial couplings between fibre and water and between water and lipid. The connection between the lipid phase and the fibres, however, should be shielded by the thin layer of water previously mentioned. If PAHs are introduced into this system there will be one equilibrium of PAHs between the lipid and the aqueous phases with a strong phospholipid solubilisation of aromatic hydrocarbons and one adsorption equilibrium of PAHs between the fibre surfaces and the depleted water phase. These relations may be depicted schematically as shown in fig lb, with the simpler analogue of a homogeneous liquid in fig la. The direct adsorption of PAHs on the fibres has to compete with the strong solubilisation of PAHs into the lipid phase and with the shielding of the fibre surfaces by the adsorbed phospholipid bilayers. The aim of this work is thus to study the equilibrium adsorption of BaP on to asbestos fibres and MMMF in aqueous solution and how this adsorption is influenced by the presence ofphospholipids from lung surfactant.
Materials and methods
The adsorption of BaP was measured on three types of asbestos, chrysotile, antophyllite, and amosite, and on three types ofMMMF, rock wool, slag wool, and glass wool. The joint adsorption of BaP and phosphatidylcholine (PC) on to chrysotile and amosite and on to rock wool and glass wool was also studied. PC was chosen as being the most common phospholipid in lung surfactant. 24 fig I b and are thus associated with both a BaP and a PC concentration curve. The general trend in these experiments is repeatable not only with amosite with its set ofordered concentration curves (fig 3a) but also in the case of the drifting curves of chrysotile (fig 3b) and rock wool (fig 3c) .
Although it may look somewhat confusing, there are three important reasons for showing one set of concentration curves for each of the major types of fibres tested. Firstly, it is evident that all fibrous materials tested adsorb PC and secondly, in the case of both the MMMF (fig 3c) and chrysotile asbestos (fig 3b), this adsorption is not stable but changes with time. By contrast, the amphibolic asbestos amosite has a much more stable adsorption of PC (fig 3a) , a condition that probably mirrors the greater stability of this material in water compared with the others.29 A third important conclusion may be drawn from these results: without PC the curve of the BaP concentration represents the direct adsorption of this hydrocarbon on to the fibre surfaces ( fig IA) . When PC is present in the system, however, both the concentration in the aqueous phase and the direct adsorption of BaP on to the fibres will be negligible owing to the large lipid aqueous partition coefficient of BaP (fig I b) 
